We demonstrate a nanoscale, subpicosecond (ps) metamaterial device capable of terabit/second all-optical communication in the near-IR. The 600 fs response, 2 orders of magnitude faster than previously reported, is achieved by accessing a previously unused regime of high-injection level, subpicosecond carrier dynamics in the r-Si dielectric layer of the metamaterial. Further, we utilize a previously unrecognized, higherorder, shorter-wavelength negative-index resonance in the fishnet structure, thereby extending device functionality (via structural tuning of device dimensions) over 1.0-2.0 µm. The pump energy required to modulate a single bit is only 3 nJ over our current 700 µm 2 area device and can be easily scaled into the picoJoule regime with smaller cross sectional areas.
Development of all-optical signal processing, eliminating the performance and cost penalties of optical-electrical-optical conversion, is important for continuing advances in terabits/ second (Tb/s) communications. 1 Because of generally weak ([ (2) ] 2 or (3) ) optical nonlinearities, all-optical Kerr-effect and three/four-wave mixing modulators require macroscopic propagation lengths, from centimeters in the case of periodically poled LiNbO 3 (PPLN) 2 to kilometers for fiber-based approaches. 1 Semiconductor optical amplifiers (SOA) offer larger nonlinearities, but these active devices add optical noise and require significant additional area for carrier injection and heat dissipation. 1 High-Q crystalline semiconductor structures, modulated by optical carrier injection, are inherently slow as a result of long carrier lifetimes, although progress is being made in sweeping carriers out of the active region. [3] [4] [5] Recently, all-optical modulators using nanoplasmonic waveguides have been proposed, where strong optical field enhancements due to confinement result in smaller devices and larger modulation depths. 6 On the other hand, devices utilizing surface plasmon polaritons have demonstrated subpicosecond (ps) modulation time-scales but with low modulation depths (∆T/T ∼10%) in micrometer-scale devices 7, 8 In contrast, here we use a metamaterial device to demonstrate ∼600 fs modulation, structurally tunable over the near-infrared (NIR) with >20% depth (experimentally limited) in a total device thickness of only 116 nm.
Metamaterials are a new class of nanostructured materials that offer novel optical properties such as a negative index of refraction and new capabilities for optical-optical interactions. To date, much effort has been devoted to the fabrication of these materials, the characterization of their linear optical properties, and the extension of their wavelength range to the NIR and visible. 9 However, only limited results have been presented on the modulation of these properties in the terahertz 10, 11 (∼20 ps response) and NIR
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(∼60 ps response) spectral regions. In these reports, as in this work, the metamaterial includes a subwavelength LC resonance tank circuit with metal and semiconductor components to provide the negative permeability. Here, we use optical carrier injection to modify the conductivity of the semiconductor and dynamically affect the resonance behavior. With ∼60 fs pulses and ∼3 nJ of pump pulse energy absorbed across the ∼700 µm 2 probe beam area, we photoexcite large peak carrier densities in the amorphous silicon (R-Si) layer of a 116 nm thick Ag/R-Si/Ag fishnet structure. These large carrier densities lead to a regime of subpicosecond carrier dynamics. [13] [14] [15] Thereby, we achieve a transmission modulation (∆T/T) of up to ∼20% (experimentally limited) with an ultrafast response time of ∼600 fs in a pump-probe experiment. Qualitative agreement with FDTD simulations is obtained. The subpicosecond pump-probe response has the potential for all-optical Tb/s communication, while the nanometer-scale thickness results in a compact device easily integrated with other photonic devices and applications. Further, we demonstrate a second, negativeindex resonance in this device at ∼1/ 2 shorter wavelength than the well studied fundamental resonance. 16 For the present structure, these resonances are at 1.13 and 1.68 µm, respectively. By scaling metamaterial dimensions, one can tune the negative-index resonances, and thus the device response, over the NIR spectrum (1.0-1.5 µm and 1.5-2.0 µm for the two resonances, respectively) leading to a nanometer-scale, NIR-tunable, subpicosecond photonic device.
The metamaterial structure ( Figure 1 ) is composed of two 28 nm thick silver films separated by a 60 nm thick R-Si film for a total thickness of 116 nm. A two-dimensional square periodic array of elliptical holes penetrates all three layers, providing an elliptical negative index metamaterial (eNIM), where the "elliptical" refers to the structure geometry. Figure 2 shows the measured transmission of this structure along with the modeled transmission (FDTD) and the effective refractive index for light polarized with the E-field parallel to the minor axis of the holes ( Figure 1 ) and the propagation direction (k) is across the film thicknesses.
We denote this polarization by E | and the perpendicular polarization by E ⊥ . The longer wavelength negative-index resonance, previously reported in similar structures, 16 is at ∼1.68 µm. There is a second, shorter wavelength negative-n resonance at ∼1.13 µm. The wavelength ratio of the two resonances, ∼ 2, suggests that the long wavelength resonance is associated with the periodicity of the holes (p ) 340 nm) while the shorter one is associated with the periodicity along the diagonals (∼p/ 2∼240 nm). This identification is confirmed by the FDTD modeling. Figure 3 shows the simulated magnetic field strength at the two resonances with the periodicities indicated. As an aside this result suggests that the fishnet structure is not a "true" metamaterial in the sense that the resonances are not independent of the periodicity. This is consistent with the observation that the negative permeability is associated with periodic nanostructure coupling to the gap-mode surface plasma wave between the two metal films. 19 Ultrafast modulation of the eNIM optical properties was studied using a sub-100 fs, visible pump pulse to photoexcite carriers above the R-Si bandgap (∼731 nm), and the timeresolved change in transmission was measured with a near-IR probe pulse. The visible pump and near-IR probe pulses were obtained by using a 100 kHz, sub-60 fs, 800 nm regenerative amplifier to simultaneously seed visible and NIR optical parametric amplifiers (OPA). The pump beam was focused to a spot of ∼80 µm diameter with a maximum energy of ∼70 nJ per pulse (i.e., fluence of ∼1.35 mJ/cm 2 ). The probe beam was focused to a much smaller ∼30 µm diameter spot to sample only the area uniformly photoexcited by the pump beam. This central ∼700 µm 2 spot absorbs only ∼3 nJ/pulse of pump energy with 60% reflection and 10% transmission. By further focusing of the pump and probe spots, the pump energy required for modulating the probe beam can be scaled into the pJ/bit regime. Further details of the experimental setup have been presented elsewhere. 20 The pump-induced percentage change in transmission (∆T/T), that is, the switching ratio, is measured as a function of pump-probe delay (∆t), pump fluence, pump wavelength, Figure 1 . The simulated transmission curve is obtained with CST Microwave Studio, which gives a good fit to the measured transmission using 2.5 times 28 the scattering frequency of bulk silver. 29 The shaded areas represent wavelength regions of negative refractive index as shown (FDTD simulation). The simulation is optimized for the region around 1.13 µm where the nonlinear pump-probe measurements are made.
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Nano Lett., Vol. probe wavelength (1.0-1.5 µm), and probe polarization. The incident pump fluence at the sample was experimentally limited to 1.35 mJ/cm 2 (for 450 to 700 nm) and 3.9 mJ/cm 2 at 400 nm. Because of the elliptical geometry of the holes in the metamaterial, the response of the metamaterial at normal incidence is different for the two polarizations. In particular, we see strong negative index resonances at 1.13 and 1.68 µm only for the polarization E | (see Figure 1) . Figure 4a shows the experimentally measured normal incident transmission (FTIR) through the metamaterial for both polarizations. For the E ⊥ geometry, the negative index region is shifted and much weaker so that the dips in transmission associated with this region (Figure 2 ) are significantly smaller. With a weaker negative index resonance, the electromagnetic nonlinearities are significantly smaller for this perpendicular polarization, resulting in a weaker pump-probe signal, that is, smaller switching ratio ( Figure  4b ). For the remainder of the paper, we focus our attention on the E | case.
In Figure 5 the metamaterial ∆T/T versus pump-probe delay at three different pump fluences is plotted. Here, the pump (probe) is at 550 nm (1180 nm). The dashed lines show a numerical fit to the data using a triple exponential decay function convoluted with a Gaussian function to account for the 120 fs risetime, which corresponds to the finite width of the pump-probe cross-correlation. A fast 600 fs component, an intermediate few-picosecond component, and a slow nanosecond component are observed. The nanosecond decay time cannot be resolved within the limitations of our experiment and is accounted for as a constant negative background. The inset shows the peak switching ratio versus pump fluence and the contributions of each component as extracted from the numerical fits. Over 80% of the signal amplitude is due to the fast 600 fs component, which increases rapidly with pump fluence. A ∆T/T of ∼20% was obtained at the highest available 550 nm pump fluence of 1.35 mJ/cm 2 , corresponding to ∼3 nJ of pump energy absorbed (and ∼6 nJ/∼1 nJ reflected/transmitted) over the ∼30 µm diameter of the probe spot. The 340 nm pitch of our device potentially allows for further focusing of the probe spot, whereby an ∼5 µm 2 realistic spot size gives us a theoretical lower limit of ∼20 pJ for the energy required to modulate a single bit. This is comparable to the current state of the art in energy requirements. 4, 5 Pumping at 400 nm with ∼2.5 mJ/cm 2 resulted in a 40% switching ratio. However, the 400 nm pump degraded the Ag layer of the sample over time due to the strong metal absorption at this wavelength. The solid yellow curve shows the magnified pump-probe signal from an unstructured 60 nm R-Si film for comparison. A triple exponential decay (dashed line) fits the curve well with a fast subpicosecond component, an intermediate few- picosecond component, and a slow component that lasts for >100 ps. The close correspondence of the fast and intermediate decay-time components of R-Si and the metamaterial suggests that the change in optical properties of the metamaterial is due to the dynamics of the photoexcited carriers in the dielectric R-Si layer. Further, an unstructured 28 nm film of Ag shows no measurable pump-probe signal under identical conditions. Previous studies on ultrafast carrier dynamics in R-Si have observed such multicomponent decay times and have identified different regimes in the dynamics based on the peak carrier densities. [13] [14] [15] 21 In particular, for photoexcitation densities >∼5 × 10
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, subpicosecond decay times were observed in some studies [13] [14] [15] and attributed to an Auger recombination process. 15 For a pump fluence of 1.35 mJ/cm 2 with 60 fs pulses, we obtain a carrier density of N ) 1.8 × 10 20 cm -3 and thereby access this fast recombination regime. To the best of our knowledge, this is the first use of this regime of R-Si subpicosecond dynamics in a functional photonic device.
In Figure 6a , the metamaterial pump-probe signal is plotted at different probe wavelengths for a 550 nm, 1.35 mJ/cm 2 excitation. At zero pump-probe delay (∆t ) 0), the peak switching ratio goes from positive to negative as the probe is moved to shorter wavelengths relative to the negative index resonance. Additionally, for a fixed probe wavelength, the pump-probe signal changes from positive to negative (or vice versa) as the pump-probe delay is increased. Around the 1130 nm negative-index resonance, we observe a subpicosecond change in ∆T/T from negative to positive. Since photoexcitation of R-Si changes both the real and the imaginary parts of the refractive index, which in turn tune the negative index resonance, the data is suggestive of a dynamic ultrafast tuning of the resonance. To understand these experimental results, the optical properties of the metamaterial were simulated using a commercial 3D FDTD solver (CST Microwave Studio). 22 Both perfect electric conductor and perfect magnetic conductor boundary conditions at the edges of the unit cell are used to model a TEM plane wave propagating through the metamaterial with the specific polarization direction shown in Figure 1a . We take the refractive index of unphotoexcited R-Si, n R-Si ) 3.4, and n substrate ) 1.5. For photoexcited R-Si, the Drude model 23 gives
N/ε 0 m*] 1/2 is the plasma frequency, ω is the angular frequency of probe light, m* is the effective mass, ε 0 is the permittivity of free space, N is the photoexcited carrier density, and γ is the scattering rate. Only the electronic contribution is considered given the larger effective mass 13, 24 and lower mobility 13, 23 for holes. For N ) 1.8 × 10 20 cm -3
, we relate γ to the free carrier mobility by γ -1 ) e/µ m*. 26 For m* ) 0.2m 0 13,24,27 and µ ) 10 cm 2 /(V s), 13, 25, 27 we get γ -1 ∼ 1 fs 13, 27, 28 and n photoexcited R-Si ) 3.27 + i0.08. For the silver dielectric function, the Drude model is described by ω p ) 9.02 eV and γ ) 0.052 eV, where γ is a factor of 2.5 larger than reported for bulk materials 18 to account for additional thin-film scattering and fabrication inhomogeneity. 17 Figure 6b shows the calculated transmittance of the metamaterial versus wavelength with and without photoexcitation. As the R-Si layer becomes more conductive with increasing photoexcitation, the transmittance of the metamaterial changes from that of a negative index material to a more metallic plasmonic response. The inset shows the calculated switching ratio versus wavelength, qualitatively reproducing the measured switching ratio at zero pump-probe delay.
In conclusion, we demonstrate a nanometer-scale, subpicosecond metamaterial device capable of over terabit/second all-optical communication in the near-IR spectrum. We achieve a 600 fs device response by utilizing a regime of subpicosecond carrier dynamics in R-Si and 20% modulation in a path length of only 116 nm by exploiting the strong nonlinearities in metamaterials. We introduce a new, shorter wavelength, higher-order negative-index resonance in fishnet metamaterial structures, thereby allowing us to extend device functionality from 1.0-2.0 µm via structural tuning. This device opens the door to other compact, tunable, ultrafast photonic devices and applications.
